Abstract: Storage of CO 2 in deep saline aquifers is a promising techniques to mitigate global warming and reduce greenhouse gases (GHG). Correct measurement of diffusivity is essential for predicting rate of transfer and cumulative amount of trapped gas. Little information is available on diffusion of GHG in saline aquifers. In this study, diffusivity of CO 2 into a saline aquifer taken from oil field was measured and modeled. Equilibrium concentration of CO 2 at gas-liquid interface was determined using Henry's law. Experimental measurements were reported at temperature and pressure ranges of 32-50 • C and 5900-6900 kPa, respectively. Results show that diffusivity of CO 2 varies between 3.52-5.98×10 −9 m 2 /s for 5900 kPa and 5.33-6.16×10 −9 m 2 /s for 6900 kPa initial pressure. Also, it was found that both pressure and temperature have a positive impact on the measures of diffusion coefficient. Liquid swelling due to gas dissolution and variations in gas compressibility factor as a result of pressure decay was found negligible. Measured diffusivities were used model the physical model and develop concentration profile of dissolved gas in the liquid phase. Results of this study provide unique measures of CO 2 diffusion coefficient in saline aquifer at high pressure and temperature conditions, which can be applied in full-field studies of carbon capture and sequestration projects.
Introduction
Nowadays it is accepted that one of the major sources of global warming is due to emission of greenhouse gases mainly from industrial activities. CO 2 is the main constituent of greenhouse gas composition, with an increasing trend in concentration from 280 ppm in 1750 [1] , 367 ppm in 1999 [2] and 379 ppm in 2005 [3] . Carbon dioxide capture and storage in geological formation is one of the promising techniques applied to reduce greenhouse gases in atmosphere. In this technique, CO 2 may be injected into depleted oil and gas reservoirs and into deep saline aquifers for disposal purposes. Alternatively, it may be injected into oil reservoirs for enhanced oil recovery (EOR) application. Also, CO 2 sequestration may be performed by injection at the top of a formation containing saline aquifer, so that an artificial gas cap will gradually form above the aquifer. The difference between chemical potential of CO 2 in gas and liquid phases provides the driving force for transfer and dissolution of CO 2 into saline aquifer. At early stages of mass transfer and in the absence of any forced injection, molecular diffusion acts as the main mechanism for dissolution and trapping of CO 2 into aquifer. The diffusivity of CO 2 into aquifer is a function of reservoir conditions, i.e. temperature, pressure, and aquifer salinity. Generally, gas diffusivity in liquid phase decreases with the increase in salinity and composition of saline aquifer. On the other hand, increase in temperature and pressure will lead to a higher diffusivity of CO 2 into aquifer. Also, diffusion process is one of the main mechanisms which determine the potential of aquifer for CO 2 storage by focusing on the long term sequestration. Correct measurement of diffusion coefficient is essential for predicting the rate of transfer and cumulative amount of trapped gas during the operation. Also, estimation of dissolution rate of gas into saline aquifer and simulation of the carbon capture and sequestration (CCS) process requires careful measurement of diffusion coefficient at reservoir conditions. Generally, saline aquifers are located in depths of 800 meters subsea and below [4] .
By assuming a geothermal and pressure gradient of 25-35
• C/Km and 10 MPa/Km, respectively [5] and surface temperature equal to 20
• C, the temperature and pressure at reservoir will be 40-50
• C and 8 MPa, respectively. Based on thermal and pressure gradient, CO 2 is in supercritical state in depth below 800 m and injection of supercritical CO 2 increases its. Subsequently, capacity of reservoir for CO 2 sequestration will be increased in order more than 500 [6] . Measurement of gas diffusivity into liquid systems is a classical subject in chemical engineering processes. However, little information is available on the diffusion of acid gas and/or greenhouse gas and aquifer systems. Reported experimental works were conducted at a controlled laboratory conditions with either pure water or synthetic salt solutions at low concentrations. For example, Unver and Himmelblau [7] studied diffusivity of CO 2 into pure water in the range of 6.5 to 65
• C. Thomas and Adams [8] conducted their study from 18.5 to 75.1
• C. Also, Tamimi et al. [9] studied diffusivity of CO 2 at the temperature range of 20-95
• C. In another study, Marco et al. [10] measured diffusivity of CO 2 in water. The range of temperature was 25-55
• C. Jähne et al. [11] studied diffusion of CO 2 at a temperature ranges of 10-35
• C. All above studies were conducted at atmospheric pressure and pure water. Effect of pressure on diffusion coefficient was reported by Hirai et al. [12] , where they measured diffusion coefficient of CO 2 in pure water at 13 • C and 29400 and 39200 kPa. Tewes and Boury [13] , conducted their study in fixed temperature of 40
• C and pressure range of 3000 to 9000 kPa. On the other hand, real saline aquifers are characterized by high pressure and high salinity with a multi-salt composition. Common ions available in the composition of aquifer solutions include Na + and Cl − . Concentration of salts in the solution may reach above 100 g/l. There are few experimental work cited in the literature with very limited public access. Among the available experimental works, diffusion data measured in NaCl solution may be useful for acid gas and greenhouse disposal purposes, since this salt is the main constituent of aquifer composition. Renner [14] studied effect of pressure on CO 2 diffusion coefficient into 0.25 N NaCl brine at constant temperature of 38
• C and pressure range of 1544 to 5833 kPa. Wang et al. [15] performed a set of tests with condition same as Renner [14] , but with different pressure in range of 1524 to 5178 kPa. Recently, Nazari Moghaddam et al. [16] published a set of CO 2 diffusivity data into 200 kppm NaCl brine at 25
• C and pressure range of 2200-5900 kPa. Table 1  and Table 2 summarize the available experimental measurements of CO 2 diffusivity in pure water and synthetic salt solutions, respectively. The objective of this study is measurement and modeling diffusion of CO 2 into a saline aquifer taken from Gachsaran oil field located in the southwest of Iran.
In the following sections, the experimental setup and materials are described first.
Next, mathematical modeling and governing equations are described.
After that, experimental results are presented and analyzed. The experimental data will then be used in the simulation of diffusion process to find concentration profiles throughout the diffusion cell.
Mathematical modeling
The method proposed by Sheikha et al. [17] was used to analyze and interpret the experimental measurements. This method is based on modeling the rate of change in system pressure as gas diffuses into the liquid using the Fick's second law of diffusion equation coupled with a mass balance for the gas phase.
The following assumptions are made when using this method:
1. Diffusion process is one-dimensional.
2. Dissolved CO 2 fraction in brine is often less than 3 [15] weight %; therefore, change in concentration of CO 2 in brine has a small effect on diffusion coefficient.
3. Due to relatively low experiment time, effect of chemical reaction on diffusion is negligible.
4. Swelling of brine due to CO 2 dissolution is negligible.
5. Evaporation of liquid phase is negligible in the experimental conditions. Therefore, the gas phase is assumed as pure during tests.
6. Henry's law was applied to calculate equilibrium concentration of CO 2 in gas-liquid interface.
7. Gas phase compressibility factor is assumed constant during tests.
Some of these assumptions will be examined later. Schematic of the one-dimensional diffusion process is shown in Figure 1 . Based on the above assumptions, the second Fick's law of diffusion in the liquid phase can be written in onedimensional form:
C is CO 2 concentration in liquid phase, D is diffusivity of gas into liquid, is time and is distance from gas-liquid interface. The initial and boundary conditions are shown in equations (2-4):
Based on the initial and boundary conditions given by (2-4), Sheikha et al. [17] proposed the following solution to (1):
In order to interpret the pressure decay data, Sheikha et al. [17] suggested a simplified relation shown in (6):
A plot of erfc
versus √ can be used to obtain the value of diffusion coefficient. This plot starts with a nonlinear part, followed by a linear one. The slope of linear part can be used to determine diffusion coefficient of gas in liquid, as shown in (7):
Experimental set-up
Schematic of experimental set-up for measurement of CO 2 diffusivity into saline aquifer is shown in Figure 2 . Three high pressure cylinders cells made of stainless steel 316 were used as the gas source, liquid transfer vessel and diffusion cell. These cylinders are designed to operate at maximum pressure and temperature of 41 MPa and 120
• C, respectively. The supply cells were equipped with internal pistons, so that the gas can be pressurized to the experimental conditions. Dimensions of the diffusion cell were 3.89 cm ID and 40 cm high. A positive displacement pump provides the required pressure in both supply cells for transfer of liquid and providing the test pressure in the gas cell. The volume of injected hydraulic fluid to bottom of liquid supply and consequently amount of transferred liquid into diffusion cell is measured by a scaling tool. All three cells were placed in an air bath which operates at temperature range of 20-120
• C. Temperature of diffusion cell is measured using a thermometer with 0.01
• C accuracy. A high accuracy (±0.2 % full scale) pressure transducer was connected to the top of diffusion cell, which measures and reports the pressure in the diffusion cell. The measured pressure and temperature data are transmitted to a data acquisition system and recorded on a computer. The experimental procedure is as follows. A leakage test is performed prior to tests. To do this, all connection and vessels involved in set-up were pressurized by N 2 , and pressure was monitored to detect any possible leakage for at least 12 hours. After that, the gas supply cell and liquid supply cell were charged by CO 2 and saline aquifer, respectively. The oven temperature was set on the experiment conditions and the whole setup was kept inside the air bath for 12-24 hours before starting diffusion test. Then, the valve at top of diffusion cell was opened to let the gas flow to the top of liquid. Pressure of diffusion cell was controlled using the hydraulic pump. When the cell pressure reaches that of the designed value, the valve was closed and the gas supply cell was disconnect from diffusion cell, and the pressure decline data were recorded through acquisition system. The recorded pressure data were then analyzed to obtain the diffusion Table 3 . Also, N 2 was used for leakage test and purging the cells. All experiments were performed with same formation water.
Set-up validation
In order to evaluate accuracy of set-up and measurement method, a data point was selected from literature and reproduced using our experimental setup. Selected data point was taken from Wang et al. [15] for CO 2 /Brine (NaCl 0.25 N) at 5178 kPa and 38 • C, who reported diffusion coefficient as 4.83×10 −9 m 2 /s. Diffusion coefficient of CO 2 into brine at the same conditions was measured to be 4.34×10 −9 m 2 /s, which has a good agreement with reported value.
Results and discussion
The experimental procedure described in Section 3 was applied to measure the pressure decline with time in the diffusion cell. Table 4 summarizes all experimental conditions. Temperature and pressure range of experiments were 32-50
• C and 5900-6900 kPa, respectively.
The data were then analyzed using Sheikha et al. [17] technique, described in Section 3, to get measures of diffusion coefficient at prevailing conditions. Solubility of gas in liquid was estimated using Henry's law, and the Henry's constants were taken from Drummond's study [18] .
In order to obtain a clear insight on the assumptions inherent in the mathematical modeling, effects of swelling of liquid and changes in the compressibility factor of gas with pressure were studied, and will be discussed in the following sections prior to analysis of experimental results. 
Effect of swelling
Generally, dissolution of gas in liquid may result in the swelling of liquid phase. Swelling factor is the volume of gas-containing liquid divided by the gas-free liquid volume [17] . Changes in the volume of liquid phase with concentration of dissolved gas can be described by calculating liquid phase density. Details of calculation of density are described in Appendix A. Summary of swelling factor for all tests are shown in Table 5 . According to this table, the maximum swelling factor for CO 2 -brine solution was found to be 1.019 at 6900 kPa and 40
• C, which is less than 2%. Therefore, this effect can be neglected in measurement of diffusion coefficient for CO 2 -brine system. 
Changes in gas compressibility factor with pressure
Generally, compressibility factor of a gas is a function of temperature and pressure. A decline in pressure during diffusion experiments may affect the value of compressibility factor, which in turn can alter the results of diffusion coefficient measurements. To investigate the changes in compressibility factor during experiments, a classic approach based on Peng-Robinson equation of state [19] was applied to calculate compressibility factor for gas phase at experimental conditions. Details of calculations are described in Appendix B. Changes in compressibility factor between initial and final pressure of each test was calculated, and the results are shown in Table 6 . Values of ∆Z /Z given in the last column indicate that there is less than 5% variation in the compressibility factor of gas phase in each test. Thus, the assumption of constant compressibility factor assumption is valid during all experiments. Figure 3 shows the profiles of pressure decline at 40, 45 and 50
Effect of temperature and pressure
• C with the initial pressure equal to 5900 kPa. Also, Figure 4 shows the profiles of pressure decline at 40 and 45
• C, with the initial pressure equal to 6900 kPa. It is evident in these figures that increase in temperature results in a higher equilibrium pressure. Also, all experiments show a sharp decline in pressure at early time, which can be due to a rapid dissolution of CO 2 into brine. This will result in a higher density difference between interface and the lower layers, which in turn activates the gravity convection process in this region. Therefore, the measured coefficient in the early time region is a combination of diffusion and convection. Thus, using early time pressure data will result in unrepresentative diffusion coefficients. In order to avoid convection-dominant region, analysis of pressure data must be done in stabilized region to obtain a reasonable estimate of diffusion coefficient. Table 7 compares the values of diffusion coefficients at early and late times. The early time pressures are subject to fluctuations caused by convection. On the other hand, the latetime data represent diffusion-dominant region; therefore, late-time data were used to obtain diffusion coefficient of gas into saline aquifer at prescribed conditions. Data shown in Table 7 indicate that early-time results which contribute convection and diffusion phenomena are orderof-magnitude higher than those obtained at late-time data where diffusion is dominant. The difference between initial and final mass of gas in the gas phase gives total amount of diffused gas ( ) into liquid.
is a function of temperature, volume, molecular weight, initial and final pressure, and compressibility factor of gas phase, as shown by equation (8):
Total amount of dissolved CO 2 in formation water was calculated for each experiment and the results are given in Table 6 . According to this table, increase in temperature results in a decrease in solubility of CO 2 , which corresponds to the higher equilibrium pressure. This is in accordance with general behavior of gas-liquid systems and available solubility of CO 2 in brine [18] . On the other hand, an increase in pressure results in a higher solubility at isothermal conditions. This is shown in Table 7 for temperatures of 40 • C and 45 • C at 5900 kPa and 6900 kPa. Figure 5 shows a typical plot of erfc
• C for 5900 kPa, respectively. Diffusion coefficient of gas into liquid can be calculated using a straight line fitted on the stabilized data and equation (7) . Calculated values of D for all experiments are shown in Figure 6 . The Henry's law constant for a NaCl solution having same concentration as real aquifer water was used. As discussed previously, the late time pressure data were used to obtain correct values of diffusion coefficient. It is clear from Figure 6 that diffusion coefficients increase with temperature at a given pressure. Also, increasing pressure will result in a higher diffusion coefficient at isothermal conditions. The latter may be interpreted as potentially higher rate of CO 2 storage in deep aquifers with higher pressure and temperature
Concentration profile of CO 2 diffused into formation water
Using the measured diffusion coefficient, the Fick's second law of diffusion may be solved in conjunction with aforementioned initial and boundary conditions to determine the concentration profile of dissolved CO 2 throughout the diffusion cell. Figure 7 shows concentration profile versus time at = 0 (gas-liquid interface), 2, 4, 6, 8 and 10 cm. The plots were generated at 40
• C and 5900 kPa. A slight drop in concentration at the interface is due to gradual pressure decline in the gas phase which in turn reduces the equilibrium concentration in the liquid phase. Also, Figure 8 shows profile of CO 2 concentration in liquid phase with depth at successive times for the same temperature and pressure conditions used in Figure 7 . According to this figure, the sharp concentration gradient at early times approaches to a more uniform trend at late time.
Conclusion
In this paper, an experimental setup was employed to measure diffusivity of CO 2 into high salinity formation water at reservoir conditions. Also, numerical simulation of the process was performed to analyze pressure decline data and find concentration profile of dissolved gas in the liquid phase with time and depth. Results indicate that at temperatures between 32-50
• C, diffusivity of CO 2 varies in the range of 3.52 to 5.98×10 −9 m 2 /s for 5900 kPa initial pressure and 5.33 to 6.16×10 −9 m 2 /s for 6900 kPa initial pressure. Effect of pressure and temperature were studied, and it was found that both parameters have a positive impact on the measures of diffusion coefficient. Liquid swelling due to gas dissolution and variations in Figure 8 . CO 2 concentration in the diffusion cell due to molecular diffusion mechanism at 40
• C and 5900 kPa initial pressure versus liquid's depth.
gas compressibility factor as a result of pressure decay was found negligible. Also, it was shown that late-time pressure decay data can give a more realistic value of diffusion coefficient. 
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